We discuss the configuration and acoustic phonon effect on the conditional phase gate using self assembled quantum dots. As an example, we discuss the simplest three dots conditional phase gate, and we found that the fidelity of conditional phase gate depends strongly on the configuration and temperature. Numerical simulation shows that line-configuration resonant with lower single exciton energy level performs better during the gate operation. * xbz@ustc.edu.cn 1
The implementation of a sequence of quantum gate operations and the ability to initialize the qubits are prerequisites for quantum information processing (QIP). So far, the two-qubit controlled-NOT (CNOT) and controlled PHASE (CPHASE) gates have been demonstrated experimentally in cavity[1], ion traps [2] , NMR [3] , quantum dot (QD) [4] and superconductor system [5] , and the three-qubit CPHASE gate in NMR system has also been reported recently [6] . However, among all the realization schemes, the electron spin in QD attracts special interest due to the integrated advantages: (i), the spin in QD can be manipulated ultrafast by a circularly polarized pulse (∼ ps), which may be more readily realized with current technology. (ii), the QDs can be scaled up to large network benefitted from the state-of-the-art electronics. (iii),the spin decoherence lifetime is very long [7, 8] , so numerous operations can be performed before the coherence is totally lost during the interaction between QDs and the phonon bath.
Recently, a scheme to realize CPHASE gate using QD molecular has been proposed by Gaugeret al [9, 10] , who shows that the phonon bath has huge influence on the CPHASE.
Here, we extend this model to three QDs system, which is of great importance in QIP. In this letter, we focus on the configuration effect on the CPHASE operation.
The system we studied is composed of three lateral coupled QDs, as schematically shown in Fig. 1 , (a) is ring configuration and (b) is the line configuration. We use electron spins to realize the CPHASE because the spin has sufficiently long decoherence time [11] .
In self-assembled QDs, the lattice mismatch between the QD and the substrate break the degenerate of heavy hole (HH) and light hole (LH) by about 200 meV, hence the HH can be well described by ± . The tunneling effect decreases quickly as the distance between dots increases, and can be neglected. The hamiltonian to describe this system hence read as We assume that the three quantum dots have identical exciton energy and have the same exciton transfer rate. Due to Förster interaction between the coupled QDs, energy shift on single-exciton states in subspace H occurs. We can choose an appropriate single-exciton state as auxiliary state to achieve CPHASE gate. The energy level diagrams of ring and line configuration are shown in (c) and (d) respectively. The arrows denote the possible resonant transitions to implement gate operation: only |Ψ 1 ↔ |Ψ 4 is allowed in ring structure, both |Ψ 1 ↔ |Ψ 2 and |Ψ 1 ↔ |Ψ 4 are possible in line structure.
where c i and c + i is the destruction and creation operator of exciton at the i th QD. V F is the Förster energy transfer rate between coupled QDs. It is dominated by the dipole-dipole interactions, and has recently been demonstrated by Kim et al in semiconductor QDs [12] .
The third term V xx is the Coulomb interaction between the coupled QDs, and may contribute to the system when each QD contains one exciton.
We now impose a time-dependent and σ + polarized laser pulse to realize the three QDs CPHASE gate. The Hamiltonian can be written as
where ω l is the frequency of the external field, and Ω is the corresponding coupling constant.
Because the external field is σ + polarized, so only |X + ⇑ = | ⇑↓ is possible to be created when the qubit is initialized to | ↑ [13] . If the qubit is initialized at | ↓ , no exciton will One-step CPHASE gate.-Most three-qubit phase gate requires a lot of two-qubit gates and one-qubit rotations [14] , or performing many steps by addressing individual qubit with laser pulses [15] . In this work, the CPHASE gate can be realized in only one step. First, we will study the performance of the CPHASE gate in the ideal case without any dephasing mechanism. We derive Eq.(1) into the subspace H with its eight eigenvectors. We drive the system with a σ + laser field tuned on resonance with the transition | ↑↑↑ ↔ |Ψ s , and |Ψ s is an auxiliary state. Assuming other off-resonant transitions are so far off the resonance that no transition is induced through it, we can get an effective Hamiltonian
in which α is character parameter which is determined by its configuration. Transforming back to the lab frame, the time evolution of the initial state |Ψ 1 may be written as
where
dtΩ. In this way, through the resonant interaction Eq. (3), one can choose the interaction time t with θ(t) = π, the state | ↑↑↑ will acquire an e iπ phase factor, i.e., Dephasing due to the phonon bath.-In the actually phase gate, the coupling with the phonon bath can lead to dephasing, which degrade the quality of the phase gate. We focus on the low temperature regime, hence only the acoustic phonons will contribute to the dephasing precess [16, 17] . The exciton phonon interaction can be described by
with the effective excitonic coupling strength
where M 
with
operators of i th dot. Γ is the spontaneous radiative decay rate, which is inversely proportional to the lifetime of exciton. is the phonon spectral density, which is determined by the configuration. Here we mainly focus on the widely studied InAs/GaAs QDs, and we choose the parameter V F = 0.85 meV,
Exciton energy ω a = 1.1 eV, bi-exciton binding energy V xx = 5 meV, radiative decay rate Γ = 1.6 µ eV, electron and hole ground state localization length l e = 2.16 nm, l h = 1.44 nm, mass density µ = 5.3k/cm 3 and the sound velocity c s = 4.8 × 10 5 cm/s.
In the following, we will study two schemes for the phases gate according to the different configurations of three QDs.
Ring configuration. -In the ring-arrayed QDs, we first reduce the Hamiltonian Eq. (1) into the subspace H. When Ω = 0, the eigenstates of H are :
the case Ω ≪ V F ≪ V xx , double and ternate trion states are adiabatically eliminated. 
In Fig. 2 , we present the fidelity of the CPHASE gate with Ω = 0.1 meV and 2R = 6 nm, where the input state is
, and the ideal state is |Ψ f = Table. I.
.). In the basis consisted by the eigenstates of H
In order to validate the performance of the proposed phase gate, we perform a direct numerical simulation with the full master equation Eq. (8). In Fig. 2 , it is shown that the Rabi oscillations in fidelity are quickly damped primarily due to phonon-exciton interaction, 
is the common factor of all spectral densities in ring structure, α ring = √ 3 is the character factor in ring configuration and |q| = ω/c s .
and no clear oscillation period is observable even if temperature achieved at its limit 0K. As temperature T increases, the system suffers a stronger damping. The spontaneous radiation is also a decoherent source of damping, but the influence is so small that Rabi oscillations are obvious in a relatively long timescale.
Line Configuration.-The analysis of the line configuration can be derived in analog to the ring-configuration. In subspace H, eigenstates for Ω = 0 include |Ψ 1 = | ↑↑↑ ,
The energy level diagram is illustrated in Fig.1(d) . It is shown that both |Ψ 2 and |Ψ 4 have an energy shift comparing with other single exciton state, and can be chosen as auxiliary level resonated with |Ψ 1 to prepare a CPHASE Gate.
If we pump the laser with frequency ω l = ω a − √ 2V F , the transition |Ψ 1 ↔ |Ψ 2 is allowed (in Fig. 1 ). We can obtain the character factor of configuration
)(|Ψ 1 Ψ 2 | + H.c.). In the case of on the system engenders: | ↑↑↑ → −| ↑↑↑ .
If we let the laser be resonant with transition |Ψ 1 ↔ |Ψ 4 (simply replace ω l by ω l = ω a + √ 2V F ), the factor α becomes as
, and the π-pulse shift may occur when
)dt = π and the operation time could be obviously shortened.
Like the ring configuration, we can also derive a new density operator to describe the evolution of line configuration. The distance between the center of the ring configuration and each dot is 2d = 6 nm. Here the coordinates of three dots are chosen as (−d, 0, 0), (0, 0, 0) and (d, 0, 0), then we can obtain spectral densities J(ω)(listed in Table. II) in two strategies about the selection of resonant transition from ground state to |Ψ 2 (low-level ) or high exciton energy level |Ψ 4 (high-level ) , and then we may find that two numerical calculation results in the same configuration is totally different. In Fig. 2 , it is demonstrated that, in the low-level case, phonon effect does not lead a strong damping at very low temperature.
Especially at 0K, the behavior is as the same as that only considering spontaneous radiation. This is because spectral density J(ω) between ground state and low single exciton level is close to zero. As the temperature is increased, oscillations are damped: for T = 5K, two periods of oscillation are still visible, while no clear oscillation is exhibited for T = 10K.
In the high-level case, like the ring configuration, phonon effect plays a dominant role in decoherence mechanism. Moreover, the damping induced by phonon effect is a little larger than ring configuration at the same temperature.
Conclusion.-In this work, we discuss the configuration effect and acoustic phonon effect on the CPHASE gate. We found that the quality of the phase gate depends strongly on the configuration, which is of great importance when QDs is used as building block to larger integrated systems. We also found that those configuration mainly influence the energy levels, hence influence the exciton phonon coupling strength. We show that the line configuration with resonant transition |Ψ 1 ↔ |Ψ 2 is more suitable for quantum computation. 
